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Resonant cooling of different nuclear isotopes manifested in optically-induced nuclear magnetic
resonances (NMR) is observed in n-doped CdTe/(Cd,Mg)Te and ZnSe/(Zn,Mg)Se quantum wells
and for donor-bound electrons in ZnSe:F and GaAs epilayers. By time-resolved Kerr rotation used
in the regime of resonant spin amplification we can expand the range of magnetic fields where the
effect can be observed up to nuclear Larmor frequencies of 170 kHz. The mechanism of the resonant
cooling of the nuclear spin system is analyzed theoretically. The developed approach allows us to
model the resonant spin amplification signals with NMR resonances.
PACS numbers: 71.35.-y, 78.47.-p, 78.67.De
I. INTRODUCTION
Nuclear magnetic resonance (NMR) is a well-
established technique which is widely used to analyze
structures and electronic states in solids [1, 2]. NMR
is one of the key technologies for the implementation
of quantum information processing, as the nuclear spins
are almost ideal qubits for the manipulation and storage
of the quantum information [3]. The realization of this
potential in semiconductor nanostructures requires sig-
nificant technical improvements to reach extremely high
sensitivity and nanometer-scale resolution.
An important step in this direction was the optical de-
tection of NMR (ODNMR) excited by radio-frequency
fields. For this purpose, the effect of resonant changes of
the nuclear polarization on the electron spin polarization
can be measured through the polarization of the photolu-
minescence [4–9] or as Faraday and Kerr rotation [10], for
reviews see Refs. [11–13]. Being well established for bulk
semiconductors, ODNMR has been successfully applied
also to semiconductor quantum wells (QWs) [14–20] and
quantum dots (QDs) [21] with much smaller numbers of
nuclear spins contributing to the signal.
The next key achievement was the realization of
the optically-induced NMR or the so-called “all-optical
NMR”, where the dynamical nuclear polarization (DNP)
was induced and detected by purely optical means. For
the resonant addressing of the NMR the rf magnetic field
is replaced with the oscillating Knight field of the spin-
polarized electrons [22–24]. The oscillating Knight field is
provided by either intensity or polarization modulation of
the laser light that photogenerates spin-oriented electrons
in semiconductors. All-optical NMR has also been real-
ized on the basis of the time-resolved pump-probe Fara-
day/Kerr rotation technique, where the coherent Lar-
mor precession of the electron spins is detected [25–28].
NMR has been demonstrated in different magnetic fields
and corresponding Larmor frequencies by using differ-
ent techniques for the modulation of the laser light: me-
chanical choppers (1 − 6 kHz), photo-elastic modulators
(50−100 kHz), electro-optical modulators (1−10 MHz),
or the repetition frequency of mode-locked lasers of typ-
ically around 80 MHz.
The all-optical NMR technique can manifest itself in
two different ways: resonant heating or resonant cooling
of the nuclear spin system (NSS). The resonant heating
is typically observed for pumping light with fixed circular
polarization, i.e. under conditions when the spin polar-
ization flows from the oriented carriers to the NSS, which
provides efficient DNP and reduces the nuclear spin tem-
perature. When the pumping light is modulated in in-
tensity and the modulation frequency coincides with the
NMR frequency of some nuclear isotope, resonant heating
of the NSS occurs. In a typical experiment, the Zeeman
splittings of the nuclei are tuned by external magnetic
field and sharp NMR features are observed when a reso-
nance condition is met.
Resonant cooling is observed when pumping light with
alternating helicity is used. Under these conditions, the
dynamic nuclear polarization is strongly suppressed if the
modulation period is shorter than the transverse relax-
ation time in the NSS [29]. However, if the modulation
frequency matches the NMR frequency in the external
magnetic field applied in the Voigt geometry, the effi-
ciency of the DNP sharply increases resulting in the res-
onant cooling of the NSS. The reason for the DNP en-
hancement is synchronization of the Larmor precession
of the injected non-equilibrium nuclear spin with the os-
cillating Knight field, which results in an efficient extrac-
tion of entropy from the NSS and therefore a reduction
of the spin temperature. The nuclear polarization gained
in this way has so far been observed via the contribution
of the Overhauser field to the Hanle effect, which is the
depolarization of the electron spin in the transverse mag-
netic field [30, 31]. The signal from the resonant cooling
has a typical dispersion-like shape, as distinct from the
resonant heating that produces absorption-like signals.
For semiconductor nanostructures, the all-optical
2NMR by means of the pump-probe Faraday/Kerr
rotation has been realized on modulation-doped
GaAs/(Al,Ga)As quantum wells under conditions of the
resonant heating of the NSS [25–27]. We are not aware
about observation of the resonant cooling of the NSS by
these techniques.
The use of the Hanle effect for the NMR detection
imposes limitations on the range of applicable magnetic
fields and, consequently, of NMR frequencies. These lim-
itations are especially severe for structures with long elec-
tron spin lifetimes, where Hanle curves are as narrow as
a few Gauss. The corresponding NMR frequencies do
not exceed 10 kHz, which is comparable with the width
of the resonance lines in semiconductors and, therefore,
does not allow to resolve important details like isotopic
structure, quadrupole splitting, etc. This situation is
typical for n-doped quantum wells and quantum dots.
Electron spin dephasing times in these structures can be
as long as 30 − 100 ns, which has been documented for
quantum wells based on GaAs, CdTe and ZnSe semi-
conductors [32–35]. It exceeds the typical repetition pe-
riod of the mode-locked pulsed lasers of 13 ns and an
accumulation of the electron spin coherence can be real-
ized here. The resulting electron spin polarization can be
conveniently measured in the resonant spin amplification
(RSA) regime [36, 37].
In this paper we extend the all-optical NMR studied
for the resonant spin amplification regime of the pump-
probe Kerr rotation technique and investigate a variety
of II-VI QWs and II-VI and III-V semiconductor epilay-
ers. The chosen experimental conditions result in sharp
NMR features in the RSA spectra associated with the
resonant cooling of the nuclear spin system. We develop
a theoretical approach to analyze the underlying mech-
anism, which predicts further modifications of the RSA
spectra due to dynamical nuclear polarization.
The paper is organized as follows. Section II provides
details of the experimental techniques and of the studied
samples. Section III describes the experimental results.
Section IV is devoted to quantitative theoretical consid-
erations of the resonant nuclear-spin cooling in n-doped
quantum wells. Experimental results are compared with
the modeling. In the conclusions, we compare our RSA
technique for studying the nuclear spin system with ear-
lier experimental techniques.
II. EXPERIMENTALS
Time-resolved pump-probe Kerr rotation (TRKR)
technique in the resonant spin amplification (RSA)
regime [28, 36, 37] was used to study the interaction of
electron spins with the nuclear spin system and demon-
strate the resonant nuclear-spin cooling. The electron
spin coherence was generated by a train of circularly po-
larized pump pulses of 1.5 ps duration (spectral width of
about 1 meV) generated by a mode-locked Ti:Sapphire
laser operating at a repetition frequency of 75.7 MHz
(repetition period TR = 13.2 ns). The pump helicity was
modulated between σ+ and σ− polarizations by means
of photo-elastic modulators (PEM) operating at frequen-
cies of fm = 42, 50, and 84 kHz, so that in average the
samples were equally exposed to both polarizations of
the pump. To alternate the circular light with 84 kHz we
used the the PEM in λ/4 retardation mode and set the
lock-in amplifier to this frequency. In order to double the
operation frequency up to 168 kHz, this PEM was used
in a λ/2 retardation mode with an additional λ/4 plate
placed at an angle of 450 to the linear polarization axis
and the lock-in detection was set to the second harmonic.
The photon energy of the pump pulse was tuned into
resonance with the negatively charged excitons (nega-
tive trions, T−) of the studied QWs, which allows us
to generate spin coherence for the resident electrons in
the QWs [38, 39]. To realize that in ZnSe-based QWs
the pump beam was frequency doubled by a nonlinear
BBO crystal [33]. For the epilayers the laser photon en-
ergy was resonant with the donor-bound exciton optical
transitions. The induced electron spin coherence (either
for the resident electron in QWs or for the electrons on
donors) was monitored by linearly polarized probe pulses
reflected from the excited area, which were time delayed
with respect to the pump pulses by a mechanical delay
line. The rotation angle of the polarization plane of the
reflected probe beam (Kerr rotation) was measured by a
balanced photodetector connected to a lock-in amplifier.
The pump and probe beams had the same photon energy.
For the RSA measurements the probe pulse arrival time
was fixed at a small negative delay (∆t ∼ −50 ps) prior to
the pump pulse and the magnetic field was scanned across
a small range close to zero. The average pump power was
kept at the relatively low level of Ppump = 1− 5 W/cm2,
and the probe power (Pprobe) was about one order of
magnitude smaller than that of the pump.
The samples were placed in a vector magnet system
consisting of three orthogonal superconducting split-coils
[40]. The measurements were performed in magnetic
fields up to 3 T applied perpendicular to the structure
growth axis, B ⊥ z, and for the pump wave vector
(kpump) parallel to the z -axis, i.e. in Voigt geometry.
The vector magnet system allows us to compensate resid-
ual magnetic fields along other axes, which are commonly
present in superconducting split-coil solenoids. Samples
were immersed in pumped liquid helium at a temperature
of T = 1.8 K.
For photoluminescence (PL) measurements a
continuous-wave (cw) laser with photon energy of
2.32 eV was used for the CdTe-based QWs and GaAs
epilayer, and a cw laser with 3.05 eV for the ZnSe-based
structures. PL signals were detected with a Si-based
charged-coupled-device camera attached to an 0.5-m
spectrometer.
For this study we selected samples with sufficiently
long spin dephasing times T ∗2 > 30 ns in order to be
able to measure them in the RSA regime. Quantum
well structures and epilayers based on three different
material systems of the II-VI and III-V semiconductors
CdTe/(Cd,Mg)Te, ZnSe/(Zn,Mg)Se, ZnSe:F and GaAs
were used.
The studied CdTe/Cd0.78Mg0.22Te QW heterostruc-
ture (#031901C, sample#1) was grown by molecular-
beam epitaxy on an (100)-oriented GaAs substrate fol-
3lowed by a 2 µm CdTe buffer layer. It has five periods,
each of them consisting of a 20-nm-thick CdTe QW and a
110-nm-thick Cd0.78Mg0.22Te barrier. An additional 110-
nm-thick barrier was grown on top of this layer sequence
to reduce the contribution of surface charges. The barri-
ers were modulation doped with iodine donors. Electrons
from the barrier donors, being collected in the QWs, pro-
vide there a two-dimensional electron gas (2DEG) with
a density of about ne = 1.1× 1010 cm−2. Detailed stud-
ies of the optical properties and the carrier spin coher-
ence in this structure were published in Refs. [32, 38, 41].
The g-factor of the resident electrons, ge = −1.64± 0.02
was determined from the Larmor precession frequency in
magnetic fields exceeding 0.5 T.
A homogeneously fluorine-doped 100-nm-thick ZnSe
epilayer was grown by molecular-beam epitaxy on (001)-
oriented GaAs substrate (#2029, sample #2). The con-
centration of the fluorine donors is about 1015 cm−3.
The ZnSe:F layer was grown on top of a 20-nm-thick
Zn1−xMgxSe buffer layer that prevents carrier diffusion
into the GaAs substrate. The magnesium concentration
of this layer was kept below 15% to maintain good crystal
quality. The optical properties of this sample and infor-
mation on the electron spin coherence can be found in
Ref. [42]. The g-factor for the donor-bound electrons is
1.13± 0.02.
A 20-nm-thick ZnSe/Zn1−xMgxSe single QW was
grown by molecular-beam epitaxy on a (001)-oriented
GaAs substrate (#2018, sample #3). The QW is sur-
rounded by Zn1−xMgxSe barrier layers with thicknesses
of 24 and 30 nm. The magnesium concentration of these
layers was kept below 15%. This structure was nomi-
nally undoped, but due to residual impurities and charge
redistribution to surface states the QW at low tempera-
tures contains resident electrons with density not exceed-
ing 1010 cm−2. The g-factor for the resident electrons in
the QW is 1.13± 0.02.
The studied GaAs epilayer was grown by molecular-
beam epitaxy on a (001)-oriented semi-insulating GaAs
substrate (sample #4). The epilayer was nominally un-
doped, but contains residual donors with concentration
of about 1016 cm−3 and ge = −0.44± 0.02.
III. EXPERIMENTAL RESULTS
A. CdTe-based QW
Figure 1(a) shows the photoluminescence spectrum of
the 20-nm-thick CdTe/(Cd,Mg)Te QW, which consists
of the exciton and trion emission lines separated by the
trion binding energy of 2 meV. The pump-probe Kerr
rotation signal measured for this QW on the trion reso-
nance at B = 0.25 T is shown in Fig. 2(a). The charac-
teristic oscillations correspond to the Larmor precession
of the electron spin about the external magnetic field.
This signal is observed at much longer delays than the
exciton or trion recombination times, which are shorter
than 100 ps [38]. Therefore, it can be related to the spin
coherence of resident electrons. The dephasing of this
spin coherence lasts longer than the pump repetition pe-
riod TR = 13.2 ns. As a result, a considerable signal
amplitude is observed at negative delays, i.e. prior the
pump pulse arrival. This behavior is qualitatively similar
for all samples studied in this paper. Therefore, for other
samples we will show only RSA spectra.
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FIG. 1: (Color online) Photoluminescence spectra of stud-
ied structures: (a) 20-nm-thick CdTe/(Cd,Mg)Te QW; (b)
ZnSe:F epilayer and 20-nm-thick ZnSe/(Zn,Mg)Se QW; (c)
GaAs epilayer. Exciton (X), trion (T), donor-bound exci-
ton D0X, free exciton (FX) and donor-acceptor recombination
(DA) lines are marked by arrows. B = 0 T and T = 1.8 K.
The long dephasing time T ∗2 of the electron spin co-
herence exceeding TR = 13.2 ns allows us to perform
measurements in the RSA regime. Figure 2(b) shows the
RSA signals for the trion and exciton resonances with
the magnetic field scanned from −7 to +7 mT. A typi-
cal RSA signal has periodically spread RSA peaks. The
peak distance on the magnetic field scale corresponds to
one period of the electron Larmor precession. The width
of the RSA peaks is determined by the spin dephasing
time T ∗2 [36, 37].
The unusual feature of the RSA signals from the trion,
shown by the blue curve in Fig. 2(b), is the strong inten-
sity of the zero-field RSA peak with respect to the other
peaks at finite magnetic fields. An additional amplitude
modulation of the pump beam at a very low frequency of
10 Hz by a mechanical chopper resulted in suppression
of the zero field peak amplitude by 40%, as shown by the
red curve. This is a strong hint that the enhancement of
the zero-field RSA peak is related to the polarization of
the nuclear spin system and a feedback of the nuclei on
the electron spin polarization measured by RSA. The en-
hancement is almost absent for the RSA signals measured
on the excitons (not shown). This is in line with the sug-
gested explanation, as in the case of trion the localized
resident electrons can better polarize nuclei in the volume
of their localization, compared to the weaker localized
electrons, whose spin coherence is induced via excitons.
It was shown for CdTe/(Cd,Mg)Te QWs that resident
electrons with different localization are addressed via the
trion and exciton states, see Fig. 20 in Ref. 38.
Interaction between the electron and nuclear spin sys-
tems appears also in the form of relatively weak disper-
sive resonance features in the RSA signals at magnetic
fields of ±3.7;±5.3 and ±5.6 mT, where the NMR res-
onances at fm = 50 kHz for
125Te, 111Cd and 113Cd
isotopes are expected. The arrows in Fig. 2(b) show
the calculated resonance magnetic fields BNMR for these
isotopes, the numerical values are collected in Table I.
Similar NMR resonances were reported earlier for Hanle
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FIG. 2: (Color online) (a) Kerr rotation pump-probe signal
of 20-nm-thick CdTe/(Cd,Mg)Te QW measured at trion res-
onance. B = 0.25 T and T = 1.8 K. Red arrow shows the
time delay of ∆t = −80 ps at which the RSA signals were de-
tected. (b) RSA signals measured at the trion (blue line) and
exciton (black line) resonances for fm = 50 kHz. The red line
shows the trion signal measured with an additional amplitude
modulation of the pump beam at 10 Hz. Ppump = 1 W/cm
2
and Pprobe = 0.2 W/cm
2. Insert (c) zooms the NMR fea-
tures. Calculated BNMR from Table I for different isotopes
are marked by arrows.
curves of III-V semiconductor structures being related to
the resonant cooling of the NSS [23, 31]. Since these ex-
periments were performed under different experimental
conditions, one needs to develop a suitable theory that
can describe resonant cooling of the NSS and its detec-
tion in the RSA regime. Such a model will be suggested
below.
Note that in order to observe NMR features in RSA sig-
nals a finite signal amplitude is required. I.e., the NMR
resonances are very weak and hardly observable between
RSA peaks, where the signal amplitude has a minimum.
To make them more pronounced one can either vary the
modulation frequency fm to shift BNMR or broaden the
RSA peaks by shortening the dephasing time, e.g. by
means of increasing the pump power.
B. ZnSe:F epilayer and ZnSe-based QW
Photoluminescence spectra of the ZnSe:F epilayer and
ZnSe/(Zn,Mg)Se QW are shown in Fig. 1(b). The epi-
layer spectrum consists of several lines (for details see
Ref. 42), two of them relevant to this study are marked
by arrows. They are the donor-bound exciton (D0X)
at 2.7970 eV and free exciton with heavy hole (FX) at
2.8045 eV. The binding energy of the exciton to the
fluorine donor is about 7.5 meV. The QW spectrum
has two lines at 2.7984 and 2.8030 eV corresponding to
the trion and exciton recombination, respectively, in the
ZnSe QW. They are separated by 4.6 meV, which is the
binding energy of the negatively charged trion.
Examples for the pump-probe Kerr rotation signals
in the ZnSe:F epilayers and ZnSe-based QWs can be
found in Refs. 33, 42. The RSA signals for these sam-
ples, measured for various modulation frequencies are
shown in Fig. 3. As one can see, the RSA spectra of
the epilayer and QW are very similar to each other. Pro-
nounced NMR resonances for the 77Se and 67Zn isotopes
are clearly seen. They are shifted to higher magnetic
fields with increasing modulation frequency from 50 up
to 168 kHz. For fm = 50 kHz resonances are seen at
±6.2 (77Se) and +18.6 mT (67Zn), for fm = 84 kHz at
±10.2 mT (77Se), and for fm = 168 kHz at +20.5 mT
(77Se).
C. GaAs-epilayer
The photoluminescence spectrum of the GaAs epilayer
(sample #4) is shown in Fig. 1(c). It contains two lines
at 1.5174 eV and 1.4932 eV corresponding to the donor-
bound exciton (D0X) and donor-acceptor recombination
(DA), respectively [43]. The RSA signal measured with
resonant pumping of the D0X transition is shown in
Fig. 4. The in-plane electron g-factor of ge = −0.44 has
been evaluated. NMR features for the 71Ga, 69Ga and
75As isotopes are seen at negative and positive magnetic
fields of ±3.2, ±4.1 and ±5.8 mT. These fields match
well the expected NMR resonances for fm = 42 kHz,
TABLE I: Calculated values of BNMR given in mT for the res-
onant features experimentally observed in the studied struc-
tures [43–48]. Iα is the nuclear spin and µα is the nuclear
magnetic moment for the specific isotope α.
Resonance magnetic field (mT)
Isotope Iα µα 42 kHz 50 kHz 84 kHz 168 kHz
111Cd 1/2 −0.5943 5.52
113Cd 1/2 −0.6217 5.28
125Te 1/2 −0.8871 3.69
67Zn 5/2 +0.8754 18.67
77Se 1/2 +0.534 6.14 10.3 20.7
69Ga 3/2 +2.016 4.10
71Ga 3/2 +2.562 3.23
75As 3/2 +1.439 5.75
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FIG. 3: (Color online) RSA signals for ZnSe:F epilayer (a)
and 20-nm-thick ZnSe/(Zn,Mg)Se QW (b,c) measured for dif-
ferent modulation frequencies at T = 1.8 K. ∆t = −35 ps,
Ppump = 5 W/cm
2 and Pprobe = 0.2 W/cm
2. Calculated
BNMR from Table I are shown by arrows.
compared with the calculated values in Table I.
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FIG. 4: RSA signal for GaAs epilayer measured at resonant
pumping of the D0X transition at fm = 42 kHz. T = 1.8 K.
∆t = −50 ps, Ppump = 5 W/cm
2 and Pprobe = 0.2 W/cm
2.
Calculated BNMR from Table I are shown by arrows.
IV. THEORY
It has been shown in the experiment that the NMR fea-
tures became very pronounced in the RSA spectra under
conditions, in which on the first view no mean spin from
the electrons should be transferred into the NSS: (i) high
symmetry of the structures with zinc-blende crystal lat-
tice grown along the (001)-axis; (ii) the pump beam is
parallel to the structure growth axis, kpump ‖ z; (iii) the
external magnetic field is perpendicular to the structure
growth axis, B ⊥ z and B ⊥ kpump; (iv) the structure is
equally exposed by σ+ and σ− circularly polarized pump.
To disclose the responsible mechanisms a detailed theo-
retical analysis is needed, which is given in this Section.
A. Cooling of the nuclear spin system via
interaction with spin polarized electrons
As mentioned in the introduction, the resonant cooling
of the nuclear spin system (NSS) in exact Voigt geometry
is the result of synchronization of the spin injection into
the NSS, the oscillatory magnetic field applied to the NSS
(this can be the Knight field of the electrons), and the
Larmor precession of nuclear spins in the static trans-
verse magnetic field. In the case of RSA experiments,
this picture becomes more complicated, since pulsed ex-
citation brings in high-frequency components of the mean
electron spin, which are essential for the overall spin dy-
namics, as their superposition forms the observed series
of RSA peaks. Here we extend and develop the theory of
resonant cooling [12] to adopt it to this new experimental
design.
The resonant cooling of the NSS can be theoretically
described using modified Provotorov equations for two
effective temperatures describing the dipole-dipole and
Zeeman nuclear spin reservoirs [12, 49]. In order to cal-
culate the average nuclear field and its effect upon the
mean electron spin (which we optically probe in RSA
experiments), a more intuitive, though quite rigorous,
approach can be used, which invokes the rotating frame
approximation [12, 23].
Under the conditions of RSA, DNP in the rotating
frame has certain specifics because of the presence of
“slow” and “fast” oscillating components of the electron
spin. Oscillation of the slow component with an angular
frequency ωm = 2pifm = (2.64 ÷ 10.55) × 105 rad/s is
provided by the PEM with fm = 42 ÷ 168 kHz, while
the fast component is due to electron spin Larmor pre-
cession. Under RSA conditions the main contributions to
the fast component are made by oscillations with frequen-
cies commensurate with the repetition rate of the pulsed
laser of 75.7 MHz. At the magnetic field corresponding
to the maximum of the first RSA peak the corresponding
Larmor frequency is ωL = 2pi/TR = 4.75 × 108 rad/s =
2pi × 75.7 MHz. We will show below, that the slow com-
ponent of the electron spin polarization is responsible for
the DNP, while the resultant nuclear field is detected by
its effect on the fast components of the electron spin po-
larization.
We now consider the electron spin polarization photo-
generated by the pump pulses and averaged over many
pulses and Larmor periods, as it evolves as a function of
the phase of the PEM. The average spin polarisation is
perpendicular to the external magnetic field B and os-
cillates with the angular frequency ωm of the PEM. The
linear oscillation can be represented as a superposition of
6two rotating vectors, which are also perpendicular to B:
S(t) = S+(t) + S−(t). (1)
Each of these mean-spin vectors produces a double ef-
fect on the NSS: (i) spin relaxation of electrons by nuclei
creates a spin flow into the NSS, and (ii) the nuclear
spins become subjected to a rotating Knight field. If we
turn to the rotating frame, where S+ (or S−) is static,
then S− (or, correspondingly, S+) rotates at double fre-
quency 2ωm ≫ T−12,N and its contribution to DNP can
be neglected. Here T2,N is the transverse spin relaxation
time of the nuclei. Under these conditions, the averaged
(over the rotation period) spin flow q is parallel to B and
equals the sum of the contributions from S+ and S− (q+
and q−), which can be calculated independently in the
frame where the corresponding spin component is static:
q = q+ + q− =
1
T
(e)
1,N
S0
2
∑
α
[
Be,αB˜+,α
(B˜+,α)2 + (Be,α)2 + ξB2L
+
Be,αB˜−,α
(B˜−,α)2 + (Be,α)2 + ξB2L
]
. (2)
Here S0 is the averaged electron spin, T
(e)
1,N is the lon-
gitudinal spin relaxation time of the nuclei due to their
interaction with electrons, B˜±,α = B± γ−1α ωm (the term
±γ−1α ωm along B occurs at the transition to the rotating
frame), γα is the gyromagnetic ratio of the αth isotope,
Be,α = be,αS0/2 is the Knight field, be,α = −Aα/(~γα),
Aα is the hyperfine constant for the isotope α, BL is the
rms local field due to the nuclear dipole-dipole interac-
tion, and ξ is a dimensionless parameter of the order of
one, accounting for electron spin correlation [12]. We re-
fer the reader to Ref. [12] for a detailed theory of nuclear
spin cooling in the Knight field leading to Eq. (2).
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FIG. 5: Scheme of the electron-nuclear spin interaction pro-
cess in the rotating coordinate system.
The electron-nuclear spin interaction processes are
shown schematically in Fig. 5 in the rotating frame. The
hyperfine-induced flip-flop transitions of the electron and
any isotope group α of the nuclear spins create non-
equilibrium nuclear spin polarization parallel to the com-
ponent of the mean spin of the electrons, which is static in
the rotating frame, with the rate S0/(2T
(e)
1,N) (see Fig. 5).
Because of the nuclear spin precession in constant (Be
and B˜±,α) and random (
√
ξBL) magnetic fields, only the
nuclear spin projection on the total field B∗ (in the ro-
tating frame) survives. The time-averaged spin flow q+
(or q−) in the laboratory frame is then obtained by pro-
jecting the spin flow in the rotating frame on the di-
rection of B˜±,α, which coincides with B. This double
projecting brings about the fraction containing various
magnetic fields in Eq. (2), which is just a product of
the two cosines arising in the projection procedure. The
value of ξ cannot be obtained from this simple geometric
model and requires a microscopic calculation within the
spin-temperature formalism [12, 50, 51].
The general rate equation for the nuclear spin projec-
tion on the external field (see Eq. (11.13) in Ref. [11])
reads:
〈I˙α〉 = qα − 1
T
(e)
1,N
( 〈Iα〉
Qα
+ 〈ST 〉
)
− 〈Iα〉
TN
(3)
where Qα =
Iα(Iα+1)
s(s+1) , s and Iα are the electron spin and
nuclear spin for isotope α. 〈ST 〉 is the equilibrium value
of the electron spin, corresponding to the thermal popu-
lation of its Zeeman sublevels, and TN is the relaxation
time of nuclear spin by all mechanisms other than inter-
action with electrons. Assuming that 〈ST 〉 ≪ S0 and
TN ≫ T (e)1,N , we obtain for the steady state regime:
〈Iα〉 = QαT (e)1,Nqα =
=
QαS0
2
[
Be,αB˜+,α
(B˜+,α)2 + (Be,α)2 + ξB2L
+
Be,αB˜−,α
(B˜−,α)2 + (Be,α)2 + ξB2L
]
. (4)
The hyperfine field created by the mean nuclear spin,
acting on the electron spins is [29]:
BN =
∑
α
bN,α
〈Iα〉
Iα
=
∑
α
Aα
µBge
〈Iα〉
Iα
(5)
where bN,α = Aα/(µBge). The field BN adds to the
external field B (BN is almost collinear with B) and
modifies the precession frequency of the electron spin
ωL = geµB(B + BN )/~ in the RSA regime. One can
see, that the dependence of the mean nuclear spin on the
external magnetic field (Eq. (4)) and, therefore, the de-
pendence of the hyperfine field created by the α isotopes
BN,α (Eq. (5)), has two derivative-like features (reso-
nances) around B±,α, i.e. B = ±ωm/γα. The widths of
these resonances are equal to
√
(Be,α)2 + ξB2L and the
phases are determined by bN,α. Indeed, Aα is propor-
tional to the nuclear magnetic moment µα = ~γα), and,
therefore, the Knight field Be,α = be,α
S0
2 = −Aαµα S02 does
not depend on the value and sign of µα. It follows then
from Eq. (4) that the mean nuclear spin gained by res-
onant cooling is not sensitive to the sign of µα either.
Therefore, the sign of the nuclear field at certain detun-
ings of the external field from the resonance, according to
Eq. (5), is determined by the signs of the electron g-factor
and the magnetic moment µα of the resonant isotope. For
7instance, the resonances in GaAs and CdTe, both having
negative electron g-factors, will look inverted with re-
spect to each other, because the magnetic isotopes of Cd
and Te have negative hyperfine constants, while for all
the nuclear species in GaAs the hyperfine constants are
positive (see Table II). In CdTe and ZnSe the resonances
have the same shape as opposite signs of their electronic
g factors are compensated by the opposite signs of the
hyperfine constants.
TABLE II: Parameters of nuclear isotopes with nonzero spin
in the studied structures. All data for nuclear spins, Iα, and
magnetic momenta, µα, are taken from Ref. [52]. Aα is the
hyperfine constant, which is taken for a unit cell with two
nuclei and ηα = |uc(Rα)|
2v0, where uc(Rα) is the electron
Bloch function at the α-th nucleus and v0 is the unit cell
volume [44].
Species Iα µα Abundance
κα
ηα (×10
3) Aα (µeV)
111Cd 1/2 -0.5943 0.128 3.6 a -37.4
113Cd 1/2 -0.6217 0.123 3.6 a -39.1
125Te 1/2 -0.8871 0.079 -45 b
67Zn 5/2 +0.8754 0.041 3.7 c
77Se 1/2 +0.534 0.0758 3.6 33.6d
69Ga 3/2 +2.016 0.604 2.61 e 38.2
71Ga 3/2 +2.562 0.396 2.61 e 48.5
75As 3/2 +1.439 1 4.42 e 46
aFrom Ref. [47]
bFrom Ref. [53]
cFrom Ref. [42]
dFrom Ref. [44]
eFrom Ref. [48]
B. NMR in RSA spectra
In the RSA spectra the electron spin polarization is
measured via the Kerr rotation. Information on the nu-
clear spin polarization and NMR can be also obtained
from the RSA spectra when the nuclei modify the elec-
tron spin polarization. To model nuclear effects in RSA
spectra we use a two-step procedure. In the first step, we
neglect BN , because this field is weak in the resonant-
cooling regime and calculate the electron spin polariza-
tion (and therefore the Knight field) under light exci-
tation with alternated helicity in the external magnetic
field. For these calculations we need to account for: (i)
the periodic change of the pump polarization (caused by
the PEM); (ii) the generation of electron spin polariza-
tion by the short pump pulse; (iii) the electron spin dy-
namics in the magnetic field; and (iv) the accumulation
of the electron spin polarization after a train of pump
pulses. This would allow us to calculate the hyperfine
field, which develops as a result of resonant cooling in
the sum of the external magnetic field and the Knight
field. In the second step, we calculate the electron spin
polarization, taking into account the nuclear field, and
model the resulting RSA spectra.
1. Polarization of the pump pulses
One of the main features of the RSA technique is the
periodic generation of the electron spin coherence by a
train of laser pulses. In our experiments the repetition
period of the laser pulses is TR = 13.2 ns (the pump
pulse repetition frequency is 75.7 MHz). The polarization
of the pump pulses is changed periodically by the PEM
with a frequency fm = 42÷ 168 kHz.
We model the excitation with light of alternating he-
licity in the following way. Let the pump beam be-
fore the PEM be polarized linearly along the x axis:
E(r, t) = Ex(r, t)ox + c.c., here Ex ∼ e−iωt, ω is the
optical frequency, and ox is the unit vector along x. The
electric vector of the light after the PEM can be written
as:
E(r, t) =
Ex(r, t)√
2
(
cos
[
φ
2
sin(ωmt)− pi
4
]
o+ (6)
+ sin
[
φ
2
sin(ωmt)− pi
4
]
o−
)
+ c.c. ,
where o± are the circularly polarized unit vectors that
are related to the unit vectors ox ‖ x and oy ‖ y through
o± = (ox ± ioy)/
√
2. φ is the maximal phase delay cre-
ated by PEM. In our Kerr rotation experiments φ = pi/2,
when we use the first harmonic. One can expand Eq. (6)
into a harmonic series:
E(r, t) =
Ex(r, t)
2
[[
−J0
(pi
4
)
+ 2
∞∑
k=0
(
J2k
(pi
4
)
cos(2kωmt) + J2k+1
(pi
4
)
sin((2k + 1)ωmt)
)]
o+ (7)
+
[
J0
(pi
4
)
− 2
∞∑
k=0
(
J2k
(pi
4
)
cos(2kωmt)− J2k+1
(pi
4
)
sin((2k + 1)ωmt)
)]
o−
]
+ c.c. ,
where Jk are Bessel functions.
Choosing φ = pi/2 and neglecting all terms that oscil-
late at higher harmonic frequencies (2ωm, 3ωm, . . . ) we
8can approximately rewrite Eq. (7) as:
E(r, t) =
Ex(r, t)
2
([
2J1
(pi
4
)
sin(ωmt)− J0
(pi
4
)]
o+ (8)
+
[
2J1
(pi
4
)
sin(ωmt) + J0
(pi
4
)]
o−
)
+ c.c.
≡ Eσ+(r, t)o+ + Eσ−(r, t)o− + c.c. .
The modulation of the light by the PEM generates ellip-
tically polarized light that changes from σ+ to σ− going
through linear.
2. Generation of electron spin polarization
Our consideration of the generation of the spin polar-
ization for the resident electrons in QWs and the elec-
trons bound to donors in bulk semiconductors is based
on the approach developed in Refs. 35, 37, 54. We as-
sume that the long-lived spin polarization of the elec-
trons is generated by resonant excitation of the negatively
charged excitons (trions). Below, we consider the case of
trions in QWs, while the approach is equally valid for the
resonant excitation of the donor-bound excitons in bulk
semiconductors. The resonant excitation of the electron
spin system by a short elliptically polarized pulse can be
described as:
Saz =
Q2+ −Q2−
4
+
Q2+ +Q
2
−
2
Sbz (9)
Say = Q+Q−S
b
y,
Sax = S
b
x.
Here Sz, Sy, Sx are electron spin components, the sub-
script a and b denote the spin components at a time
just after or shortly before the pump pulse arrival. In
the magnetic field B||x the Sx component does not
change and we disregard it in the following. Q+ and
Q− are associated with the powers of the σ
+ and σ−
components of the incident light. They are defined by
the corresponding pulse areas Θ±: Q± = cos (|Θ±|/2),
Θ± =
∫
2〈d〉Eσ± (t)dt/~. Here 〈d〉 is the dipole transi-
tion matrix element and Eσ±(t) are smooth envelopes of
the circular components of the electric field of the laser
pulse.
It follows from Eq. (8) that Eσ± (t) =
Ex(r, t)
[
J1
(
pi
4
)
sin(ωmt)∓ J0
(
pi
4
)
/2
]
and Θ± ≈
Θ0
[
J1
(
pi
4
)
sin(ωmt)∓ J0
(
pi
4
)
/2
]
, where Θ0 =∫ 〈d〉Ex(t)dt/~. In the low pump power regime
(|Θ0|2 ≪ 1), which is valid for QWs [35], Eq. (9) gives
us:
Saz ≈
|Θ0|2
16
J0
(pi
4
)
J1
(pi
4
)
sin(ωmt) + S
b
z (10)
Say ≈ Sby.
3. Spin dynamics in a magnetic field
Since the time scales of the electron and nuclear spin
dynamics differ by several orders of magnitude, the fast
dynamics of the single electron spin in the interval be-
tween pump pulses occurs in the sum of the external
magnetic field and the frozen effective field of the nuclear
spins, B+BN .
S(t) = [n(n · Sa) + (Sa − n(n · Sa)) cos (ωLt)
+ [Sa − n(n · Sa)]× n sin (ωLt)] exp (−t/T2), (11)
where n = (B+BN )/|B+BN | is the unit vector along
the total magnetic field, ωL = |geµB(B +BN )|/~ is the
electron Larmor precession frequency, and T2 is the trans-
verse spin relaxation time of electrons (i.e. electron spin
coherence time). It is worth reminding that at the first
step we neglect BN for the calculation of S(t).
The modulation period of the pump polarization is
three orders of magnitude longer than the laser repeti-
tion period TR. This leads to accumulation of electron
spin polarization after a train of pump pulses with a po-
larization determined by the PEM.
4. Accumulation of electron spin polarization and Knight
field
The accumulated electron spin polarization after each
repetition period, S(TR) (given by Eq. (11)) should be
equal to the spin right before the pump pulse arrival, Sb
(given by Eqs. (9)). Without an effective nuclear field,
the resulting electron spin polarization after each pump
pulse is
Saz = −
Q2+ −Q2−
4∆
[K1 cos(ωLTR)− 1], (12)
Say = −
Q2+ −Q2−
4∆
K1 sin(ωLTR),
∆ = 1− (K1 +K2) cos(ωLTR) +K1K2,
K1 = Q+Q− exp(−TR/T2),
K2 =
Q2+ +Q
2
−
2
exp(−TR/T2).
The experimental RSA signal is proportional to the Sz
component of the accumulated polarization taken in one
of the circular polarizations σ+ or σ− (e.g., for σ+ polar-
ization Θ− = 0 and, therefore, Q− = 1). Modeled RSA
spectra without taking into account nuclear spin effects
are shown in Fig. 6 (red curves) for three material sys-
tems based on CdTe, ZnSe and GaAs. For the electron
spin ensemble the calculated polarization is averaged over
the g-factor spread with a Gaussian distribution function
(see Sec.III.D in Ref. 37). The parameters used for these
calculations are given in Table III. The electron spin co-
herence time T2 and the g-factor spread ∆ge were taken
close to the experimental data.
We now turn to the calculation of the Knight field.
Here we consider again a single electron spin. Note, that
as the Bohr magneton, µB, is approximately 2000 times
larger than the nuclear magneton, the Zeeman splitting
of the electron and nuclear spin levels and their Larmor
precession frequencies differ by three orders of magni-
tude. Therefore, the slow dynamics of the NSS is deter-
mined only by the averaged electron spin polarization.
9For the average of the polarization over the period from
the (m− 1)th to the mth pulse, we obtain
S0 =
1
TR
∫ mTR
(m−1)TR
S(t)dt =
n(n · Sa) + S
a − n(n · Sa)
ωLTR
sin (ωLTR)
+
[Sa − n(n · Sa)]× n
ωLTR
[1− cos (ωLTR)]. (13)
Taking into account Eq. (12) we can write:
S0 =
√
[(Saz )
2 + (Say )
2]K3
(TR/T2)2 + (ωLTR)2
, (14)
K3 =
√
(1− 2 exp(−TR/T2) cos(ωLTR) + exp(−2TR/T2)).
For QWs all these equations are valid in the low-power
regime [35]. This gives us:
S0 ≈ −|Θ0|
2
16
J0
(pi
4
)
J1
(pi
4
) sin(ωmt)√
(TR/T2)2 + (ωLTR)2
.
(15)
This is the specific expression for the oscillating electron
spin polarization of Eq. (1), which results in NMR lines
in the RSA spectra.
5. RSA spectra with nuclear spin effects
We use equation (15) for the electron field Be = beS0/2
to calculate from Eqs. (4) and (5) the hyperfine field BN .
Then, at the second step of our calculations, we take
again Eqs. (9) and (11) and calculate the accumulated
electron spin polarization in the sum of external and nu-
clear magnetic fields, similar to Eq. (12). The calculated
polarization is again averaged over the g-factor spread
with a Gaussian distribution function.
Modeled RSA spectra including the effect of the nu-
clear field are shown in Fig. 6 by the blue curves. The
parameters for the calculations are given in Table III. be
and bN,α were evaluated using the Aα and µα values from
Table II. The parameter value
√
ξBL = 0.05 mT control-
ling the width of the NMR features was taken identical
for all materials.
Comparing the blue and red graphs in Fig. 6 one
can conclude about three effects related to the electron-
nuclear interaction, which become evident in the RSA
spectra: (i) Appearance of NMR features for different iso-
topes; (ii) Narrowing (in CdTe and ZnSe) or broadening
(in GaAs) of the zero-field RSA peak; and (iii) Shift of the
nonzero-field RSA peaks, which is pronounced for CdTe.
One can see, that the phase of the derivative shape of
the NMR features in CdTe and ZnSe coincide with each
other, while it is inverted in GaAs. The phase is con-
trolled by the sign of the bN,α field (see Table III), which
either increases or decreases the equilibrium polarization
of the nuclei induced by the external field. The same rea-
son explains the changes in the linewidth of the zero-field
RSA peak in the effect (ii). The shift of the non-zero RSA
peaks (effect (iii)) is related to the developing of the BN,x
component of the DNP. Its experimental appearance and
theoretical description will be published elsewhere.
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FIG. 6: (Color online) Calculated RSA spectra for CdTe-
, ZnSe- and GaAs-based QWs. Dashed (red) lines show
RSA spectra without accounting for the nuclear effects. Solid
(blue) lines show RSA spectra with the nuclear spin effects
taken into account.
V. CONCLUSIONS
Our experiments and their comparison with the devel-
oped theoretical model have demonstrated the possibil-
ity to realize resonant cooling of the nuclear spin system
in semiconductor nanostructures and bulk layers in the
regime of resonant spin amplification (RSA). This was
done by thorough adjustment of the magnetic field to
the exact Voigt geometry and using a photoelastic mod-
ulator to alternate the helicity of the excitation laser at
high frequency, keeping the time-averaged spin of opti-
cally oriented electrons zero within the experimental pre-
cision. Under these conditions, nuclear spin pumping is
forbidden outside the resonance of the nuclear Larmor
precession with the modulation frequency. All-optical
NMR signals with dispersion-like shape, typical for res-
onant cooling, were observed when the NMR resonance
field was close to the position of the RSA peaks. The
NMR resonances were detected on up to the fifth RSA
peak. Thus, resonant cooling signals were observed at
magnetic fields well outside the typical width of Hanle
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TABLE III: Parameters used for calculation of RSA spectra
in Fig. 6.
QWs CdTe ZnSe GaAs
ge −1.64 1.13 −0.44
∆ge 0.04 0.02 0.055
be −43 (
111Cd) −13 (67Zn) −2.6 (69Ga)
(mT) −43 (113Cd) −19.4 (77Se) −2.6 (71Ga)
−54 (125Te) −4.3 (75As)
bN,α 52 (
111Cd) 2.4 (67Zn) −900 (69Ga)
(mT) 52 (113Cd) 20 (77Se) −760 (71Ga)
61 (125Te) −1800 (75As)
fm 50 84 42
(kHz)
T2(ns) 10.6 10.6 13.2
curves for the studied structures, which are nearly iden-
tical to the shape of the zero-field RSA peak [55].
As follows from the developed theory, these signals
are due to cooling of the nuclei by both the z and y-
components of the electron mean spin. Their vector sum
decays with growing transverse field B as 1/B rather
than 1/B2 as does the z-component usually observed in
the Hanle effect. Sharp RSA peaks that rise at the mag-
netic fields satisfying electron spin resonance conditions
at the laser repetition frequency and its overtones, pro-
vide the probe for the nuclear spin polarization via its
effect upon the electron spin resonance frequency and
help detecting resonant cooling signals at magnetic fields
well outside the width of the Hanle curve. This way,
we detected all-optical NMR of all the magnetic isotopes
present in the studied samples. Notably, the shape of
the experimentally observed resonances are sensitive to
the sign of the isotope magnetic moments, in full agree-
ment with the theory. The difference of our findings with
previously reported experiments on all-optical NMR in
the RSA regime (for example, [26]) is that in our case
there was no background nuclear polarization, and all
observed nuclear-spin effects developed exclusively at res-
onance fields due to resonant cooling of the nuclear spin
system.
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